Minimizing conductive heat losses in Micro-Electro-Mechanical-Systems (MEMS) thermal (hot-film) flow sensors is the key to minimize the sensors' power consumption and maximize their sensitivity. Through a comprehensive review of literature on MEMS thermal (calorimetric, time of flight, hot-film/hot-film) flow sensors published during the last two decades, we establish that for curtailing conductive heat losses in the sensors, researchers have either used low thermal conductivity substrate materials or, as a more effective solution, created low thermal conductivity membranes under the heaters/hot-films. However, no systematic experimental study exists that investigates the effect of membrane shape, membrane size, heater/hot-film length and Membrane (size) to Heater (hot-film length) Ratio (MHR) on sensors' conductive heat losses. Therefore, in this paper we have provided experimental evidence of dependence of conductive heat losses in membrane based MEMS hot-film flow sensors on MHR by using eight MEMS hot-film flow sensors, fabricated in a 1 µm silicon-on-insulator (SOI) CMOS foundry, that are thermally isolated by square and circular membranes. Experimental results demonstrate that: (a) thermal resistance of both square and circular membrane hot-film sensors increases with increasing MHR, and (b) conduction losses in square membrane based hot-film flow sensors are lower than the sensors having circular membrane. The difference (or gain) in thermal resistance of square membrane hot-film flow sensors viz-a-viz the sensors on circular membrane, however, decreases with increasing MHR. At MHR = 2, this difference is 5.2%, which reduces to 3.0% and 2.6% at MHR = 3 and MHR = 4, respectively. The study establishes that for membrane based SOI CMOS MEMS hot-film sensors, the optimum MHR is 3.35 for square membranes and 3.30 for circular membranes, beyond which the gain in sensors' thermal efficiency (thermal resistance) is not economical due to the associated sharp increase in the sensors' (membrane) size, which makes sensors more expensive as well as fragile. This paper hence, provides a key guideline to MEMS researchers for designing the square and circular membranes-supported micro-machined thermal (hot-film) flow sensors that are thermally most-efficient, mechanically robust and economically viable.
Introduction
Flow sensors are extensively used for flow measurements in diverse applications in different fields including aerospace [1] [2] [3] [4] [5] [6] , automotive [7] , biomedical [8] [9] [10] [11] , environmental [12] [13] [14] [15] [16] [17] , hydrodynamics [18] +Calorimetric Vilares, 2010 [54] Calorimetric Titanium/ Platinum 2500 × 10 × 0.15 PMMA Berthet, 2011 [62] TOF Titanium/ Platinum 500 × 20 × 20 Pyrex
Legend for Tables 1-6 Hot-wire/Hot-film type thermal flow sensors The ceramic materials with low thermal conductivity (' '), used as substrate in MEMS thermal flow sensors and summarized in Table 1 ,includeglass ( = 1.1 W/(m-K) [57] ), porous silicon ( = 1.2 W/(m-K) [45] ), silicon nitride ( = 20W/(m-K) [118] ),aluminum oxide ( = 20 W/(m-K) [49] , as-grown polysilicon ( = 13.8 W/(m-K) and amorphous recrystallized polysilicon ( = 22 W/(m-K) [119] ). Silicon, which has relatively higher thermal conductivity ( =130 W/(m-K) [51] ) has also been used as a substrate material in few cases. However, such substrates have generally been used in wind sensing applications, where sensors are mostly wafer thick [15] .
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Thermal conductivity of polymers is typically lower than the ceramics and these are also good candidate substrate materials, as summarized in Table 2 , for reduced conduction losses in MEMS thermal flow sensors. Polyimide, with a thermal conductivity of k = 0.29 W/(m-K), has been most widely used as a substrate material [11, 52, 58, [96] [97] [98] 100, 106, 111, 115] . Other substrate materials from polymers family include SU- [84] ) and parylene C (k = 0.082 W/(m-K) [122] . Although, parylene N has higher thermal conductivity than parylene C, yet due to its higher melting temperature (420 • C), it is preferred as membrane material for the hot-film sensors over parylene C, which has a melting temperature of 290 • C [74] .
Similarly, a review of the membrane-mounted MEMS thermal flow sensors illustrates that the membranes used for thermal isolation of the sensing heater (hot-element) are made of diverse materials and have different shapes and sizes. Most of these membranes are made of ceramics, with a handful made of polymer materials. For a quick reference, the MEMS thermal flow sensors having membranes of square, circular and rectangular shapes are grouped and their key information is summarized in Tables 3-5, respectively. Tables 3-5 reveals that among ceramics, silicon nitride is the most widely used membrane material for thermal isolation of MEMS thermal flow sensors [22, 25, 26, 33, 39, 59, 60, [63] [64] [65] [67] [68] [69] [70] [71] [72] [73] [75] [76] [77] [78] [79] [80] [81] 85, 86, 89, 127] . To further reduce the heat conduction, bi-layer membranes of silicon nitride and silicon oxides have also been reported [3, 8, 24, 30, 31, 34, 42, 83, 117] . Thermal conductivity of this bi-layer system depends upon the individual thickness of silicon nitride and silicon oxide layers. However, a typical thermal conductivity value for this bi-layer system is k = 1.98 W/(m-K) [3] .
Because of much lower thermal conductivity values, polyimide [40, 41, 92, 94] , parylene C [23, 82] and parylene N [74, 84] are the three commonly used membrane materials in thermal flow sensors from the polymers family.
Like other devices with membranes [128, 129] , besides choice of suitable materials, membrane shape and membrane [side length (for square membrane) or diameter (for circular membrane)] to heater (hot-film (length) ratio (MHR) are two other design variables that are required to be optimized in thermal flow sensors employing membranes for minimization of conduction heat losses from the heater (hot-film) to the substrate. As mentioned earlier, membranes of three shapes (i.e., square, circular and rectangular) with different sizes (Tables 3-5) have been used in different MEMS thermal flow sensors reported in the literature. An analysis of these membranes-based hot-film thermal flow sensors reveals that the MHR of these sensors fall in the range of 1.0-14.3 (Table 3 -square membranes), 1.0-3.0 (Table 4 -circular membranes) and 1.25-1.66 (Table 5 -rectangular membranes), respectively. Interestingly, it is only tacitly assumed in all the reports listed in these three tables that the conductive heat losses depend largely on MHR, since none of the studies published during the last two decades (Tables 3-5) has explored the effect of MHR on the thermal efficiency (thermal resistance) of the sensors and the conductive heat losses from the sensor (hot-film/heater) to the substrate through formal experiments.
In this paper, therefore, a systematic experimental investigations of the effects of MHR and membrane shape (square versus circular) on the thermal resistance (or conductive heat losses) of MEMS thermal [thin (hot) film] flow sensors are reported for the first time.
The scope of the paper is limited to minimize the conductive heat losses to the substrate, thereby achieving improved thermal performance of the hot-film flow sensors. The heat losses due to radiation and natural or forced convection have not been taken into account in this study.
The experimental investigation is carried on MEMS thermal (hot-film) flow sensors having silicon oxide membranes (with a very thin silicon nitride passivation layer on the top to protect the sensors and power tracks), fabricated through a 1 µm Silicon-on-Insulator (SOI) Complementary Metal Oxide Semiconductor (CMOS) process. It is pertinent to highlight that silicon oxide has very low thermal conductivity (k = 1.4W/(m-K) [118] ) and there are hardly any studies, excluding a few reported by our group [5, 6, 83, 125, 126, 130, 131] , that utilize silicon oxide membranes for thermal isolation of MEMS thermal hot-film flow sensors produced through a commercial SOI CMOS process.
Eight such sensors, with two different membrane shapes (i.e., square and circular) and four Membranes to Heater length Ratios (i.e., MHR = 1, 2, 3 and 4) are fabricated and characterized. The membrane shape that achieves minimum conduction losses has been identified experimentally. The optimum membrane to heater ratios (MHR) for both square and circular membranes, beyond which further gain in thermal resistance of the sensor versus corresponding increase in sensor (membrane) size and related cost per sensor becomes un-economical, is also investigated.
The remaining paper is organized as follows: the design of SOI CMOS MEMS hot film sensor chips is presented in Section 2, followed by their fabrication in Section 3. Experimental results are discussed in Section 4. Finally, the conclusions are given in Section 5.
SOI CMOS MEMS Hot-Film Sensors Chip Design
MEMS hot-film sensors were designed using Cadence TM Virtuoso ® layout editor. Figure 1 [131] is the Cadence layout of designed SOI CMOS MEMS multi sensor chip showing the layout of all eight sensors on the die. Eight flow sensors (i.e., FS1 to FS8), four with square and four with circular membranes, with each type having a MHR of 1, 2, 3 and 4, were designed. The dimensions (length × width × thickness) of the hot-film (i.e., 80 µm× 2 µm× 0.3 µm) were kept identical for all eight sensors. The square membranes' side lengths and circular membranes' diameters were maintained as 80 µm, 160 µm, 240 µm and 320 µm for achieving a MHR = 1, 2, 3 and 4, respectively. The details of the geometries of all eight SOI CMOS MEMS thermal hot-film flow sensors are given in Table 6 . Tungsten, because of its superior mechanical (tensile strength, Young's modulus and density) and thermal properties (thermal conductivity and melting temperature) [6] is used as a hot-film and interconnects material. To achieve better thermal isolation and mechanical support for the hot-film, a 5.4 µ m thick silicon dioxide membrane is used to embed/support the tungsten hot-film sensors. A 0.55 µ m thick silicon nitride passivation layer is also deposited at the top of wafer to protect the metal tracks and sensors. The schematic cross-section of the tungsten hot-film designed thermal flow sensor is shown in Figure 2 . The details of the geometries of all eight SOI CMOS MEMS thermal hot-film flow sensors are given in Table 6 . Tungsten, because of its superior mechanical (tensile strength, Young's modulus and density) and thermal properties (thermal conductivity and melting temperature) [6] is used as a hot-film and interconnects material. To achieve better thermal isolation and mechanical support for the hot-film, a 5.4 µm thick silicon dioxide membrane is used to embed/support the tungsten hot-film sensors. A 0.55 µm thick silicon nitride passivation layer is also deposited at the top of wafer to protect the metal tracks and sensors. The schematic cross-section of the tungsten hot-film designed thermal flow sensor is shown in Figure 2 . Figure 2 . Schematic cross-section (not to the scale) of a tungsten hot-film thermal flow sensor.
SOI CMOS MEMS Hot-Film Sensors Chip Fabrication
Hot-film sensors are fabricated using 1-µ m SOI CMOS process in a commercial CMOS MEMS foundry followed by a post-CMOS Deep Reactive Ion Etching (DRIE) process for creating cavities under membrane to further increase the thermal isolation of the hot-film sensors. A silicon substrate embedded with a buried oxide layer (i.e., SOI wafer) is used. The SOI technology provides four basic advantages; i.e.,(a) the buried oxide acts as an etch stop layer for DRIE process, thus effectively controlling the etch depth and provides a uniform thickness to all sensor membranes, (b) provides a thermal isolation of sensing area, thus reducing the power losses to silicon substrate, (c) electrically isolates the electronic circuitry, reducing cross talk, and (d) increases the device operating temperatures range [132, 133] . Cavities with vertical side walls are achieved using DRIE as it does not depend upon the lattice orientation of silicon substrate [6] .
Optical micrographs of the fabricated sensors are shown in Figures 3 and 4 . It is interesting to note from the optical micrographs of FS1 and FS2 sensors (Figure 3 ) that the cavities are not created underneath these sensors during the post-CMOS DRIE processing. 
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Si Substrate The micro-sensors chip (Figure 1 ) containing FS1 and FS2 sensors has a variety of other (i.e., pressure and temperature) sensors as well with the membrane dimensions ranging from 80 µ m-400 µ m. Due to micro-loading effects and aspect ratio dependent etching [134, 135] , the membranes with the larger opening got etched earlier and the membranes (of smallest sensor, FS1 and FS2) with smaller opening (i.e., diameter = 80 µ m) remained un-etched or partially etched. Therefore, these sensors are actually fabricated on the full substrate or only partially etched substrate, and will be discussed accordingly.
Experimental Results and Discussion
A Labview (National Instruments, Austin, TX, USA) data acquisition system integrated with a Keithley 2400 Source and Measuring Unit (SMU, Tektronix, Inc., Beaverton, OR, USA) and a Model S-1160 probe station (Signatone Corp, Gilroy, CA, USA) equipped with temperature controller and hot chuck are used for sensors' experimental (electro-thermal) characterization. In order to characterize the sensor for temperature coefficient of resistance (TCR), resistance variation of the tungsten heater from 25-150 °C is obtained. Figure 5 is the plot of the temperature versus percentage change in resistance of the hot-film heater. The slope of this curve is the TCR of the tungsten hot-film sensors, which is approximately 0.22%/°C. The TCR of the sensor is quite linear with a non-linearity of only 0.38% FS. A similar TCR value (0.21%/°C) has been reported earlier for tungsten thin film [83] . This TCR is almost double the value of polysilicon thin films (i.e., TCR of 0.13 %/ o C) [69] and an order of magnitude higher than the carbon nano tubes (i.e., TCR of 0.04 %/ o C) [99] . The micro-sensors chip (Figure 1 ) containing FS1 and FS2 sensors has a variety of other (i.e., pressure and temperature) sensors as well with the membrane dimensions ranging from 80 µm-400 µm. Due to micro-loading effects and aspect ratio dependent etching [134, 135] , the membranes with the larger opening got etched earlier and the membranes (of smallest sensor, FS1 and FS2) with smaller opening (i.e., diameter = 80 µm) remained un-etched or partially etched. Therefore, these sensors are actually fabricated on the full substrate or only partially etched substrate, and will be discussed accordingly.
A Labview (National Instruments, Austin, TX, USA) data acquisition system integrated with a Keithley 2400 Source and Measuring Unit (SMU, Tektronix, Inc., Beaverton, OR, USA) and a Model S-1160 probe station (Signatone Corp, Gilroy, CA, USA) equipped with temperature controller and hot chuck are used for sensors' experimental (electro-thermal) characterization. In order to characterize the sensor for temperature coefficient of resistance (TCR), resistance variation of the tungsten heater from 25-150 • C is obtained. Figure 5 is the plot of the temperature versus percentage change in resistance of the hot-film heater. The slope of this curve is the TCR of the tungsten hot-film sensors, which is approximately 0.22%/ • C. The TCR of the sensor is quite linear with a non-linearity of only 0.38% FS. A similar TCR value (0.21%/ • C) has been reported earlier for tungsten thin film [83] . This TCR is almost double the value of polysilicon thin films (i.e., TCR of 0.13%/ • C) [69] and an order of magnitude higher than the carbon nano tubes (i.e., TCR of 0.04 %/ • C) [99] . Current-Voltage (I − V) and Power-Temperature (P − T) curves for all sensors are plotted to evaluate their electro-thermal characteristics. I − V curves for the four hot-film sensors having square membrane (i.e., FS1, FS3, FS5 and FS7 with MHR = 1, 2, 3 and 4, respectively) are shown in Figure 6 while their P − T curves are depicted in Figure 7 . . Power versus temperature rise curves for hot-film sensors FS1, FS3, FS5 and FS7 having square membranes: For FS1 sensor with = 1 (having partially etched membrane), there is a negligible rise in sensor temperature. For FS3, FS5 and FS7 sensors with higher MHRs (i.e., = 2, 3, 4, respectively), the temperature rise is significant, but its % increment between = 2 to = 3 and then from = 3 to = 4 reduces drastically.
The variations in − curves are different with changing . For = 1 (FS1 sensor in Figure 3 , which are actually fabricated on a partially etched substrate), current is almost directly proportional to the voltage (Figures 6). As expected, there is negligible joule heating and almost all the heat generated is being conducted straight into the substrate. The thermal resistance of the FS1 hot-film sensor is only1.6 o C/mW (Figure 7 ).The effect of having a membrane under the sensor (i.e., thermal isolation of the hot-film sensor) is not visible in this plot as the membrane for FS1 was not created fully and only partial etching took place during the post-CMOSDRIE processing due to micro-loading effects and aspect ratio dependent etching [134, 135] .
The backside picture of the MEMS sensors chip is shown in Figure 8 . The hot-films of the completely etched sensors can be seen from the rear side of the sensor chip. However, for sensor having = 1, only a tiny bright dot can be seen, indicating a partial etching of the sensor. Thermal performance of un-etched thermal flow sensors has also been evaluated in the past. For example, Liang et al. [78] achieved a thermal resistance of 0.2 o C/mW for a titanium/ platinum alloy strip of size 100 µ m × 2 µm × 0.2 µm, directly fabricated on a silicon substrate. The thermal resistance in case of our FS1 sensor is comparatively higher, most likely, due to the fact that instead of silicon substrate a SOI substrate has been used, which has a very low thermal conductivity silicon oxide layer just underneath the hot-film. The other reason is that although all the silicon was not etched during the etching, still a partial etching did take place under the hot-film sensor (Figure 8) , which reduced the amount of heat being lost to the substrate to some extent.
For FS3 sensor having square membrane with = 2 (Figure 3 ), − curve is nonlinear having decreasing slopes with increasing voltages (Figure 6 ). In this configuration, the amount of required current to the hot-film sensor is decreasing with the increasing voltage, which implies an increase in sensor's temperature due to joule heating. As shown in the − curve (Figure 7) , thermal resistance of the FS3 square membrane hot-film sensor with ( = 2) is 12 o C/mW. FS3 sensor has an increment of 10.4 o C/mW in its thermal resistance compared to that of FS1 ( = 1, on partially etched substrate). This amounts to 650% increase in sensor's thermal efficiency and decrease in conduction losses for this sensor on square membrane. Similar trend can be observed in previously published reports as well. The variations in I − V curves are different with changing MHR. For MHR = 1 (FS1 sensor in Figure 3 , which are actually fabricated on a partially etched substrate), current is almost directly proportional to the voltage ( Figure 6 ). As expected, there is negligible joule heating and almost all the heat generated is being conducted straight into the substrate. The thermal resistance of the FS1 hot-film sensor is only 1.6 • C/mW (Figure 7 ). The effect of having a membrane under the sensor (i.e., thermal isolation of the hot-film sensor) is not visible in this plot as the membrane for FS1 was not created fully and only partial etching took place during the post-CMOSDRIE processing due to micro-loading effects and aspect ratio dependent etching [134, 135] .
The backside picture of the MEMS sensors chip is shown in Figure 8 . The hot-films of the completely etched sensors can be seen from the rear side of the sensor chip. However, for sensor having MHR = 1, only a tiny bright dot can be seen, indicating a partial etching of the sensor. Thermal performance of un-etched thermal flow sensors has also been evaluated in the past. For example, Liang et al. [78] achieved a thermal resistance of 0.2 • C/mW for a titanium/platinum alloy strip of size 100 µm × 2 µm × 0.2 µm, directly fabricated on a silicon substrate. The thermal resistance in case of our FS1 sensor is comparatively higher, most likely, due to the fact that instead of silicon substrate a SOI substrate has been used, which has a very low thermal conductivity silicon oxide layer just underneath the hot-film. The other reason is that although all the silicon was not etched during the etching, still a partial etching did take place under the hot-film sensor (Figure 8) , which reduced the amount of heat being lost to the substrate to some extent.
For FS3 sensor having square membrane with MHR = 2 (Figure 3 ), I − V curve is nonlinear having decreasing slopes with increasing voltages (Figure 6 ). In this configuration, the amount of required current to the hot-film sensor is decreasing with the increasing voltage, which implies an increase in sensor's temperature due to joule heating. As shown in the P − T curve (Figure 7) , thermal resistance of the FS3 square membrane hot-film sensor with (MHR = 2) is 12 • C/mW. FS3 sensor has an increment of 10.4 • C/mW in its thermal resistance compared to that of FS1 (MHR = 1, on partially etched substrate). This amounts to 650% increase in sensor's thermal efficiency and decrease in conduction losses for this sensor on square membrane. Similar trend can be observed in previously published reports as well. [76] , despite the fact that the hot-film length in the latter case was almost half that of the former. Similarly, in another study [78] , the thermal resistance of a titanium/platinum heater on silicon nitride membrane having = 2 was 6.8 o C/mW, whereas our tungsten hot-film sensor FS3 (with = 2) on silicon oxide membrane achieved a thermal resistance 12 o C/mW, indicating a much better thermal isolation with silicon oxide membrane, which has lower thermal conductivity than silicon nitride. The reported thermal conductivity value of silicon oxide is 1.4 W/(m-K), whereas that for silicon nitride is 20 W/(m-K) [118] , which in case of thin films may vary significantly depending upon the deposition parameters (e.g., thermal conductivity of a silicon nitride thin film is reported as2.3 W/(m-K) [91] , while that for silicon oxide thin film it is documented as 1.1 W/(m-K) [136] ).
It is worth nothing, however, that thermal resistance (or conduction losses) of any hot-film flow sensor supported by a membrane depends upon both the membrane material (i.e., its thermal conductivity ' ') and membrane geometry (i.e., membrane shape, its and thickness ' '). For FS5 sensor with square membrane having = 3 (Figure 4 ), the decrease in the slopes with increasing voltages of − curve is more pronounced as compared with theFS3 sensor having = 2 (Figure6). The thermal resistance of the FS5 hot-film sensor is 17.1 o C/mW ( Figure 7 ). In comparison with the FS3 hot-films sensor having = 2, an increase in thermal resistance of 5.1 o C/mW has been achieved. This amounts to a further 42.5% increase in the sensor's thermal efficiency (or decrease in conduction losses).
For the FS7 hot-film sensor (Figure 4 ) with square membrane having = 4, the decrease in the slopes with increasing voltages of I-V curves is even more prominent as compared with FS1, FS3 and FS5 hot-film sensors ( Figure 6 ). The thermal resistance of the FS7 hot-film sensor is 19.4 o C/mW (Figure 7) . The FS7 sensor with = 4 has achieved an increment of 2.3 o C/mW over the thermal resistance of FS5 sensor with = 3 . This amounts to 12.8% increase in sensor's thermal efficiency (or similar decrease in conduction losses).
It is worth noting that thermal resistance of the FS3 sensor (with = 2) increased by 650% compared to that of the FS1 ( For example, a polysilicon heater with dimensions 150 µm × 3 µm × 0.25 µm and MHR = 1.33 had the sensitivity of 100 mV/Pa [67] , whereas another polysilicon silicon heater having dimensions 80 µm × 2 µm × 0.3 µm and MHR = 3.12 has sensitivity of 1540 mV/Pa [76] , despite the fact that the hot-film length in the latter case was almost half that of the former. Similarly, in another study [78] , the thermal resistance of a titanium/platinum heater on silicon nitride membrane having MHR = 2 was 6.8 • C/mW, whereas our tungsten hot-film sensor FS3 (with MHR = 2) on silicon oxide membrane achieved a thermal resistance 12 • C/mW, indicating a much better thermal isolation with silicon oxide membrane, which has lower thermal conductivity than silicon nitride. The reported thermal conductivity value of silicon oxide is 1.4 W/(m-K), whereas that for silicon nitride is 20 W/(m-K) [118] , which in case of thin films may vary significantly depending upon the deposition parameters (e.g., thermal conductivity of a silicon nitride thin film is reported as 2.3 W/(m-K) [91] , while that for silicon oxide thin film it is documented as 1.1 W/(m-K) [136] ).
It is worth nothing, however, that thermal resistance (or conduction losses) of any hot-film flow sensor supported by a membrane depends upon both the membrane material (i.e., its thermal conductivity 'k') and membrane geometry (i.e., membrane shape, its MHR and thickness 't').
For FS5 sensor with square membrane having MHR = 3 (Figure 4 ), the decrease in the slopes with increasing voltages of I − V curve is more pronounced as compared with the FS3 sensor having MHR = 2 ( Figure 6 ). The thermal resistance of the FS5 hot-film sensor is 17.1 • C/mW (Figure 7 ). In comparison with the FS3 hot-films sensor having MHR = 2, an increase in thermal resistance of 5.1 • C/mW has been achieved. This amounts to a further 42.5% increase in the sensor's thermal efficiency (or decrease in conduction losses).
For the FS7 hot-film sensor ( Figure 4 ) with square membrane having MHR = 4, the decrease in the slopes with increasing voltages of I-V curves is even more prominent as compared with FS1, FS3 and FS5 hot-film sensors ( Figure 6 ). The thermal resistance of the FS7 hot-film sensor is 19.4 • C/mW ( Figure 7) . The FS7 sensor with MHR = 4 has achieved an increment of 2.3 • C/mW over the thermal resistance of FS5 sensor with MHR = 3. This amounts to 12.8% increase in sensor's thermal efficiency (or similar decrease in conduction losses).
It is worth noting that thermal resistance of the FS3 sensor (with MHR = 2) increased by 650% compared to that of the FS1 (MHR = 1, partially etched). This increment in thermal resistance for FS5 sensor (MHR = 3) compared to that of the FS3 sensor (MHR = 2) reduced to 42.5%. The improvement in sensor's thermal efficiency (or thermal resistance) was further reduced to only 12.8% from FS5 sensor (MHR = 3) to the FS7 sensor (MHR = 4).
These experimental results thus point out that the gain in thermal efficiency (reduction in conduction losses or increase in thermal resistance) of the square membrane hot-film sensors for MHR > 3 is not much significant. However, at the same time, the increase in size of the sensor, which translates to increased price per sensor (as the price of CMOS sensor increases with the area occupied by it on CMOS processed wafer) and increase in sensor's fragility increases drastically.
To identify the exact membrane to heater ratio (MHR) beyond which gain in sensor's thermal efficiency is not economical in terms of excessively large chip area (or size), the percentage increase in square membrane sensors' membrane area versus the percentage increase in their thermal efficiency (or thermal resistance) is plotted in Figure 9 . Both the percentage increase in MHR and sensor area have been calculated with respect to the sensor FS1 having MHR = 1. FS5 sensor ( = 3 ) compared to that of the FS3 senor ( = 2) reduced to 42.5%. The improvement in sensor's thermal efficiency (or thermal resistance) was further reduced to only 12.8% from FS5 sensor ( = 3) to the FS7 sensor ( = 4). These experimental results thus point out that the gain in thermal efficiency (reduction in conduction losses or increase in thermal resistance) of the square membrane hot-film sensors for > 3 is not much significant. However, at the same time, the increase in size of the sensor, which translates to increased price per sensor (as the price of CMOS sensor increases with the area occupied by it on CMOS processed wafer) and increase in sensor's fragility increases drastically.
To identify the exact membrane to heater ratio ( ) beyond which gain in sensor's thermal efficiency is not economical in terms of excessively large chip area (or size), the percentage increase in square membrane sensors' membrane area versus the percentage increase in their thermal efficiency (or thermal resistance) is plotted in Figure 9 . Both the percentage increase in and sensor area have been calculated with respect to the sensor FS1 having = 1.
Figure 9.
Plot showing the percentage increase in the square membrane area and the percentage increase in the thermal resistance with the increasing MHR for square membrane hot-film sensors FS1, FS3, FS5 and FS7.Upto = 3.35, the percentage increase in sensors' thermal resistance is more pronounced viz-a-viz the percentage increase in the membrane area. However, beyond = 3.35, the change is opposite, thus using a > 3.35 for square membranes is not very economical in terms of corresponding sharp increase in sensor size.
It is evident from the figure that with increasing , the percentage increase in the sensor's thermal resistance is more pronounced as compared with the percentage increase in sensor (membrane) area till value of 3.35. However, an increase in sensor (membrane) area associated with values greater than 3.35 is not matched with similar increase in the thermal resistance of the sensor. Thus, increasing sensor beyond this value for a gain in its thermal resistance (or reduction in conductive losses) is not very economical viz-a-viz a corresponding sharp increase in membrane area or sensors size.
The effect of on the thermal efficiency of hot-film sensors having circular membranes is similar to that of the hot-film sensors having square membranes. The − curves for all four circular membrane hot-film sensors (i.e., FS2, FS4, FS6 and FS8 with = 1, 2, 3 and 4 , respectively) are shown in Figure 10while − curves are presented in Figure 11 . It is evident from the figure that with increasing MHR, the percentage increase in the sensor's thermal resistance is more pronounced as compared with the percentage increase in sensor (membrane) area till MHR value of 3.35. However, an increase in sensor (membrane) area associated with MHR values greater than 3.35 is not matched with similar increase in the thermal resistance of the sensor. Thus, increasing sensor MHR beyond this value for a gain in its thermal resistance (or reduction in conductive losses) is not very economical viz-a-viz a corresponding sharp increase in membrane area or sensors size.
The effect of MHR on the thermal efficiency of hot-film sensors having circular membranes is similar to that of the hot-film sensors having square membranes. The I − V curves for all four circular membrane hot-film sensors (i.e., FS2, FS4, FS6 and FS8 with MHR = 1, 2, 3 and 4, respectively) are shown in Figure 10 while P − T curves are presented in Figure 11 . For circular membrane hot-film sensor FS4 (Figure 3 ) having = 2, the − curve is nonlinear, with decreasing slopes with increasing voltages (Figure 10 ), like the behavior exhibited by the square membrane hot-film sensor FS3 as well ( Figure 6 ). The thermal resistance of the FS4 hot-film sensor is 11.4 o C/mW ( Figure 11) . While comparing the temperature rise for this configuration with the former one (sensor on substrate), an increase of 9. . Figure 11 . Power versus temperature rise curves of sensors FS2, FS4, FS6 and FS8 having circular membranes: For the FS2 sensor with MHR=1 (on partially etched substrate), there is a negligible temperature rise in the sensor. There is a greater temperature rise between sensors with MHR=2 and 3, which reduces significantly for the sensor having MHR=4.
For circular membrane hot-film sensor FS4 (Figure 3 ) having = 2, the − curve is nonlinear, with decreasing slopes with increasing voltages (Figure 10 ), like the behavior exhibited by the square membrane hot-film sensor FS3 as well ( Figure 6 ). The thermal resistance of the FS4 hot-film sensor is 11.4 o C/mW (Figure 11) . While comparing the temperature rise for this configuration with the former one (sensor on substrate), an increase of 9. For circular membrane hot-film sensor FS4 (Figure 3) having MHR = 2, the I − V curve is nonlinear, with decreasing slopes with increasing voltages (Figure 10 ), like the behavior exhibited by the square membrane hot-film sensor FS3 as well ( Figure 6 ). The thermal resistance of the FS4 hot-film sensor is 11.4 • C/mW ( Figure 11) . While comparing the temperature rise for this configuration with the former one (sensor on substrate), an increase of 9.8 • C/mW in sensor's thermal resistance is recorded. This amounts to 512% increase in FS4 sensor's thermal efficiency (and decrease in conduction losses) over that of FS2 (MHR = 1) circular membrane sensor.
For circular membrane sensors having MHR = 3, 4 (FS6 and FS8 sensor in Figure 4 ), the decrease in the slopes with increasing voltages of I − V curve is more pronounced as compared with the sensor having MHR = 2 ( Figure 10 ). The thermal resistance of the circular membrane hot-film sensors FS6 and FS8 is 16.6 • C/mW and 18.9 • C/mW, respectively ( Figure 11 ). This amounts to 45.6% and 13.8% increase in thermal resistance of the circular membrane hot-film sensors from MHR = 2 to MHR = 3 and from MHR = 3 to MHR = 4, respectively.
A qualitatively similar trend has been observed in the previously reported thermal flow sensors as well. A tungsten heater with a circular membrane having MHR = 1.25 reported by Haneef et al. [83] had a sensitivity of 35 mV/Pa, whereas a tungsten heater with a circular membrane having MHR = 3 reported by De Luca et al. [5] had a sensitivity of about 57.2 mV/Pa. It is worth noting, however, that the later had three thermopiles covering a large membrane area that provided an additional heat loss route through silicon based thermopiles' to the membrane sides and substrate, due to which the hot-film sensor's sensitivity was not that pronounced in spite of having a more efficient MHR (i.e., 3.0) compared to that of the former case (i.e., 1.25 only).
Similar to the square membranes case, the exact membrane to heater ratio (MHR) for circular membranes beyond which gain in sensors thermal efficiency is not very economical has been identified by plotting the percentage increase in sensors area against the percentage increase in the sensor thermal resistance ( Figure 12 ). thermal resistance is recorded. This amounts to 512% increase in FS4 sensor's thermal efficiency (and decrease in conduction losses) over that of FS2 ( = 1) circular membrane sensor. For circular membrane sensors having = 3, 4 (FS6 and FS8 sensor in Figure 4 ), the decrease in the slopes with increasing voltages of − curve is more pronounced as compared with the sensor having = 2 ( Figure 10 ). The thermal resistance of the circular membrane hot-film sensors FS6 and FS8 is 16.6 o C/mW and 18.9 o C/mW, respectively ( Figure 11 ). This amounts to 45.6 % and 13.8% increase in thermal resistance of the circular membrane hot-film sensors from = 2 to = 3 and from = 3 to = 4, respectively. A qualitatively similar trend has been observed in the previously reported thermal flow sensors as well. A tungsten heater with a circular membrane having = 1.25 reported by Haneef et al. [83] had a sensitivity of 35 mV/Pa, whereas a tungsten heater with a circular membrane having = 3 reported by De Luca et al. [5] had a sensitivity of about 57.2 mV/Pa. It is worth noting, however, that the later had three thermopiles covering a large membrane area that provided an additional heat loss route through silicon based thermopiles' to the membrane sides and substrate, due to which the hot-film sensor's sensitivity was not that pronounced in spite of having a more efficient MHR (i.e., 3.0) compared to that of the former case (i.e., 1.25 only).
Similar to the square membranes case, the exact membrane to heater ratio ( ) for circular membranes beyond which gain in sensors thermal efficiency is not very economical has been identified by plotting the percentage increase in sensors area against the percentage increase in the sensor thermal resistance (Figure 12 ). It is evident from the figure that with increasing , the percentage increase in the thermal resistance is more distinct in comparison with the percentage increase in the sensor (membrane) area till = 3.30. However, this increase is insignificant beyond = 3.30, in comparison with a corresponding sharp increase in sensor (membrane) area. Thus increasing beyond 3.30 is not viable.
The effect of circular and square membrane shapes on thermal resistance (or conduction losses) of the hot-film sensors is given in Figure 13 . In this figure, the sensors' is plotted against sensors' thermal resistance (temperature rise per milli watts of supplied power) on left y-axis and % increase in the thermal efficiency of the square membrane as compared with that of the circular membrane on right y-axis. As shown in Figure 13 , the thermal resistance of both type of membranes It is evident from the figure that with increasing MHR, the percentage increase in the thermal resistance is more distinct in comparison with the percentage increase in the sensor (membrane) area till MHR = 3.30. However, this increase is insignificant beyond MHR = 3.30, in comparison with a corresponding sharp increase in sensor (membrane) area. Thus increasing MHR beyond 3.30 is not viable.
The effect of circular and square membrane shapes on thermal resistance (or conduction losses) of the hot-film sensors is given in Figure 13 . In this figure, the sensors' MHR is plotted against sensors' thermal resistance (temperature rise per milli watts of supplied power) on left y-axis and % increase in the thermal efficiency of the square membrane as compared with that of the circular membrane on right y-axis. As shown in Figure 13 , the thermal resistance of both type of membranes increases with increasing MHR. However, this increase is not very economical beyond a MHR = 3.35 for square membranes and MHR = 3.30 for circular membranes. The performance of the square membrane is relatively better than the circular membrane. The incremental difference between the thermal efficiency of circular and square membrane hot-film sensors, however, decreases with an increase in MHR. Square membrane is 5.2% more efficient in terms of its thermal resistance than the circular membrane at MHR = 2, which reduces to 3.0% and 2.6% at MHR = 3 and MHR = 4, respectively. increases with increasing . However, this increase is not very economical beyond a = 3.35 for square membranes and = 3.30 for circular membranes. The performance of the square membrane is relatively better than the circular membrane. The incremental difference between the thermal efficiency of circular and square membrane hot-film sensors, however, decreases with an increase in . Square membrane is 5.2% more efficient in terms of its thermal resistance than the circular membrane at = 2, which reduces to 3.0% and 2.6% at = 3 and = 4, respectively. However, for higher membrane to heater ratios, it is more pragmatic to use circular membrane in hot-film flow sensors as it has a more uniform stress distribution at the edges with the substrate [6] , thus achieving a better mechanical strength compared to that of the square membrane. It is pertinent to mention that for any specific mechanical loading, the maximum stresses generated on a square membrane are 64% higher than the circular membrane having the same material, thickness and diameter as of the side length of a square membrane [137] .
Conclusions
Membrane heat conduction losses and their effects on SOI CMOS MEMS thermal (hot-film) flow sensor's thermal resistance as a function of membrane shape and Membrane to Heater (hot-film length) Ratio ( = 1, 2, 3, 4) have been investigated experimentally for the first time. For this purpose, electrical and thermal characterization of eight tungsten hot-film thermal flow sensors (four each having square and circular shapes) is carried out. The sensors were fabricated in a commercial 1 um SOI CMOS foundry and then post-CMOS processed to create silicon oxide membranes under the hot-film sensors through a single DRIE back-etch step.
Experimental results demonstrate relatively lower conduction losses in square membranes-based hot-film MEMS flow sensors as compared with those having circular membranes. However, the conduction losses (or thermal resistance) difference between square and circular membranes decreases with increasing . At = 2, the circular membrane hot-film sensor had 5.2% lower thermal resistance than that of the square membrane hot-film sensor, which reduced to 3.0% and 2.6% for square and circular membrane sensors having = 3 and = 4, respectively. Since square membranes experience much higher mechanical stresses than circular membranes (stresses on square However, for higher membrane to heater ratios, it is more pragmatic to use circular membrane in hot-film flow sensors as it has a more uniform stress distribution at the edges with the substrate [6] , thus achieving a better mechanical strength compared to that of the square membrane. It is pertinent to mention that for any specific mechanical loading, the maximum stresses generated on a square membrane are 64% higher than the circular membrane having the same material, thickness and diameter as of the side length of a square membrane [137] .
Membrane heat conduction losses and their effects on SOI CMOS MEMS thermal (hot-film) flow sensor's thermal resistance as a function of membrane shape and Membrane to Heater (hot-film length) Ratio (MHR = 1, 2, 3, 4) have been investigated experimentally for the first time. For this purpose, electrical and thermal characterization of eight tungsten hot-film thermal flow sensors (four each having square and circular shapes) is carried out. The sensors were fabricated in a commercial 1 µm SOI CMOS foundry and then post-CMOS processed to create silicon oxide membranes under the hot-film sensors through a single DRIE back-etch step.
Experimental results demonstrate relatively lower conduction losses in square membranes-based hot-film MEMS flow sensors as compared with those having circular membranes. However, the conduction losses (or thermal resistance) difference between square and circular membranes decreases with increasing MHR. At MHR = 2, the circular membrane hot-film sensor had 5.2% lower thermal resistance than that of the square membrane hot-film sensor, which reduced to 3.0% and 2.6% for square and circular membrane sensors having MHR = 3 and MHR = 4, respectively. Since square membranes experience much higher mechanical stresses than circular membranes (stresses on square membranes are 1.64 times of that on circular membranes), therefore, in spite of slightly better thermal resistance of square membranes, circular membranes may be the optimal choice for MEMS thermal hot-film flow sensors for achieving higher mechanical strength and robustness.
The thermal resistance of both square and circular membrane hot film sensors increases with increase in MHR. However, beyond a MHR = 3.35 for square membranes and MHR = 3.30 for circular membranes, experimental results suggest that the gain in sensor's thermal resistance (reduction in conductive heat losses) is less significant as compared with the increase in the sensor (membrane) size, which adds to both the price and mechanical fragility of the sensor. It is therefore, neither cost effective nor mechanically preferable to have membrane to heater ratio (MHR) more than 3.35 and 3.30 for square and circular membranes-based SOI CMOS MEMS thermal hot-film flow sensors.
